ABSTRACT: The ecophysiological differences of 4 sibling species of the Capitella capitata species complex from habitats with different sulfide concentrations were studied: Capitella sp. S (small) from a North Sea intertidal flat, living in the upper sediment layer containing low sulfide concentrations (up to 20 pm01 I"); Capltella sp. L (large), sympatric to Capitella sp. S, but living in deeper sediment layers with high sulfide concentrations (up to 350 pm01 1-'1; Capitella sp. M from the Mediterranean Sea from highly sulfid~c sed~rnents (up to 710 pm01 1.') close to shallow hydrothermal vents, and Capitella sp. I from eutrophicated coastal areas of the North Atlantic. Capitella sp. L, Capitella sp. M and Capjtella sp. I are significantly more tolerant to anoxia and 760 pm01 1.' sulfide than Capitella sp. S from the upper North Sea sedirnents. Respiration rates showed that only CapiteUa sp. S can be characterized as an oxyconformer. The oxygen consumption of Capitella sp. S becomes successively reduced with declining ambient oxygen tensions. The 3 other sibling species are all oxyregulators with different regulation abilities. At moderate oxygen concentrations the aerobic metabolism of Capitella sp. S is inhibited at low sulfide levels (30 pm01 I-'). Conversely, at moderate oxygen levels the anaerobic metabolism of Capitella sp. S is increased at 20 pm01 I-' sulfide. In contrast, even at sulfide concentrations of 130 pm01 l.', the aerobic metabolism of Capjtella sp L is not affected. The anaerobic metabolism of Capitolla sp. L is not increased at sulfide concentrations <l00 pm01 I-'. The anaerobic metabolism of Capitella sp. M from the hydrothermal vents is not affected even at higher sulfide concentrations. This study shows that sibling species of the C. capitata complex from different habitats can be differentiated by their ecophysiological characteristics.
INTRODUCTION
The cosmopolitan endobenthic polychaete Capitella capitata (Fabricius) is known as an indicator for organically polluted and disturbed marine environments. C. capitata dominates the macrobenthic community in areas which are highly eutrophicated by paper mills (Pearson & Rosenberg 1978) , fish farming (Tsutsumi 1987 , Tsutsumi et al. 1990 ), waste discharge (Chang et al. 1992) or oil spills (Crassle & Grassle 1974 , Sanders et al. 1980 ). The population density, reproduction and growth rate of Capitella capitata are strongly correlated with the content of organic material (Tenore 1977 , Warren 1977 , Chesney & Tenore 1985 , Tenore & Chesney 1985 , Tsutsumi 1987 , Gremare et al. 1988 , Qian & Chia 1991 , Bridges et al. 1994 . The sediments of eutrophicated areas are often anoxic and highly sulfidic due to bacterial degradation of the organic material. Hitherto the dominance of C. capitata under such conditions has mainly been explained by its ability to sustain increased mortality rates by continuous reproduction (e.g. Grassle & Grassle 1974 , Pearson & Rosenberg 1978 , Gray 1984 . Recently Levin et al. (1996) proposed possible demographic mechanisms (e.g. reduced maturation time) which would explain C. capitata's propensity to dominate organically enriched sediments. Little is known, however, about possible ecophysiological adaptations of C. capitata (Gamenick & Giere 1994 , Gamenick et al. 1998 ) to 2 of the key factors in the benthic environment (Vismann 1991 , Giere 1992 , oxygen depletion and sulfide accumulation. In many other polychaetes ecophysiological adaptations to hypoxic and sulfidic conditions have been described. Their major adaptation strategies are a high capacity for long-term anaerobiosis (Theede et al. 1969 , Theede 1973 and/or the ability to oxidize (= detoxify) sulfide to thiosulfate (Vismann 1991 , Bagarinao 1992 , Grieshaber & Volkel 1998 .
Capitella capitata consists of a complex of several sibling species which show minor differences in adult morphology, but differ markedly in their reproduction modes and enzyme patterns (Grassle & Grassle 1976 ). Moreover, Eckelbarger & Grassle (1983 & Grassle ( , 1987 described differences in the ultrastructure of eggs and follicle cells, in genital setae, sperm and larval morphology between sympatric sibling species from the North American East Coast. Several C. capitata population~, which differ in enzyme patterns (Wu et al. 1991) and reproduction modes (Zhang & Wu 1988 , Pearson & Pearson 1991 as well as in tolerance to hypoxia and sulfide and standard respiration rates (Gamenick & Giere 1994) , have been described from China, Great Britain and Germany.
In this study, 4 sibling species of CapiteUa capitatafrom 3 geographic regions with different sulfide regimes are studied. Former studies revealed that they do not cross breed and are distin.guishable by total protein pattern analysis (Gamenick et al. 1998) . Two sibling species inhabit the intertidal zone of the North Sea near the island of Sylt, Germany: the small C, capitata Type S (hereafter termed Capitella sp. S) and the large C. capitata Type L (hereafter termed Capitella sp. L) (Gamenick & Giere 1994) . The third sibling species is Capitella sp. M from the Mediterranean Sea near the Island of Milos, where it lives in highly sulfidic sediments close to shallow water hydrothermal vents (Thiermann et al. 1997) . It is characterized by high survival rates under anoxic and sulfidic conditions (Gamenick et al. 1998) . The fourth sibling species is the well-known Capitella sp. I from eutrophicated sediments of the US East Coast (Grassle & Grassle 1974 , 1976 , which dominates sulfidic sediments near sewage outfalls (J. P. Grassle pers. comm.).
The sibling species were in situ exposed to different oxic and sulfidic conditions and we addressed the following questions: Do the Capitella sibling species have different surviva.l rates under anoxia, and sulfide exposure? How do hypoxia, anoxia and sulfide affect their aerobic and anaerobic meta.bolism? Are there genetically fixed ecophyslological differences between these Capitella sibling species?
To answer these questions, tolerance to hypoxia and sulfide and respiration rates were measured in laboratory-cultured worms under different oxygen and sulfide concentrations. In addition succinate (as an indicator for anaerobic metabolism; Grieshaber et al. 1988) , sulfide and thiosulfate concentrations in the worms tissue were analyzed after exposure to different oxygen and sulfide levels.
MATERIAL AND METHOD
Field. The depth distribution of the 2 sympatric Capitella sp. S and Capitella sp. L was measured in sediment cores taken with plexiglass tubes (inner diameter 5 cm, n = 3) and subdivided into 0-3, 3-6 and 6-9 cm horizons. Samples were fixed in buffered formaldehyde (final concentration 5 to 10 vol. %), s~e v e d (250 pm mesh size) and the worms counted. Pore water sulfide concentrations were analyzed photometrically using the colorimetric method of Gilboa-Garber (1971) , modified by Howarth et al. (1983) . The term sulfide refers here to total dissolved sulfide, i.e. undissociated H2S, dissociated HS-and S2-.
Laboratory. All experiments were conducted on laboratory-cultured worms. Stock cultures of CapiteUa sp. S, Capitella sp. L, Capitella sp. M and Capitella sp. 1 were reared in aerated glass tanks with sediment (no detectable sulfide) and 32 to 35 %Q artificial seawater at 18°C. Worms were fed once a week with commercial fish food mixed with dried green algae.
Tolerance experiments. Capitella sp. S, Capitella sp. L and Capitella sp. 1 were exposed to 4 treatments (for further descriptions see Gamenick et al. 1998 ) in artific~a l seawater (32 to 35%0 S, for pH stability buffered with 10 mM HEPES, without sediment) at 16°C: (1) normoxia (control), aerated continuously; (2) anoxia, percolated with pure nitrogen prior to inserting the worms; (3) anoxia plus 160 pM sulfide; and (4) anoxia plus 760 pM sulfide, bubbled with nitrogen with subsequent addition of a suifide stock solutlon (made from Na2S . 9H20 crystals).
Oxygen concentrations were measured with a sulfide-insensitive polarographic oxygen sensor (POS) from Orbisphere (Geneva, Switzerland); pH was measured with an Ingold electrode (Steinbach/Taunus, Germany) and sulfide concentrations were analyzed colorimetrically as described above. Experimental conditions of the sulfide treatments are given in Table 1 .
The term 'normoxia' is defined as 100% air saturation (oxygen partial pressure, p 0 2 = 21 kPa); the term 'anoxia' is used when oxygen concentration is below the POS detection limit (= 0.08 kPa). Respiration rate experiments. Oxygen consumption (= respiration rate) of the worms at different oxygen levels and sulfide concentrations was measured in a flow-through respirometer set-up (Fig 1) .
Experimental set-up: The incubation medium was pumped with a peristaltic pump from 2 bottles, one containing seawater (buffered with 10 mm01 1-' HEPES, pH 7.9), the other a sulfide stock solution (400 to 600 pm01 l.", pH 7.89). Oxygen concentrations were controlled by a gas-mixing pump (Woesthoff, Bochurn, Germany). The medium was driven through a mixing chamber (1 ml; flow rate 27 m1 h-') into the flow-through system (made of glass) with 2 POS mounted before and behind a flexible animal chamber and a pH electrode near the outflow. The POS were connected to a 2 channel oxygen meter (Cyclobios, Innsbruck, Austria) equipped with a 2 channel recorder. The flow-through unit was inserted in a 40 l water bath with controlled temperature.
Experimental procedure: Each experimental run was composed of an electrode calibration phase (air = normoxia, nitrogen = anoxia, 10 to 12 h), a respiration measuring phase with worms (3 to 4 h) under normoxic conditions (= standard respiration rate), a blank rate measuring phase without worms (2 h), and subsequently a second respiration measuring phase at different oxygen (and sulfide) conditions. The run was concluded by a second blank rate measuring phase at same conditions (i.e. sulfide).
The worms were sieved out of the culture several hours prior to the experiments and placed in petri dishes without sediment for clearance of their gut contents. For each experimental run 2 to 15 worms (depending on size) were taken and inserted into the animal chamber. After the 2 respiration measuring phases the wet weight of the worms was determined. In experiments with sulfide, the sulfide concentrations were determined at the beginning and at the end of each second respiration measurement phase using the colorimetric method described above. Oxygen consumption rates of all 4 Capitella sibling species were measured at oxygen tensionsof 21, 19, 17, 15, 13, l l , 8 , 6 ,4, 2 and 0.4 kPa.
Oxygen consun~ption of the 2 North Sea species Capitella sp. S and Capitella sp. L was measured at 13, 11, 10, 9, 8, 7, 6, 5, 4, 3 and 2 kPa with 100 pm01 1-' sulfide (100 + 30 pm01 l-', n = 15), and at 7 and 11 kPa with different sulfide concentrations between 10 and 140 pm01 1-'. Oxygen consumption was not measured at normoxia plus sulfide due to technical limitations of the respirometer. During measurements the p 0 2 variation was about 0.02 kPa and sulfide decreased usually less than 10 %.
Incubation experiments. Worms were exposed to different p 0 2 and sulfide concentrations in a closed incubation chamber (Fig. 2 ). After exposure, tissue succinate, sulfide and thiosulfate concentrations were analyzed.
In the chamber, oxygen was measured with a sulfide-insensitive POS (Radiometer, Copenhagen, Denmark) modified after Revsbech & Ward (1983) and connected to a PHM 73 pH/oxygen meter (Radiometer) using a calomel electrode (Radiometer) as reference. pH was measured with a combination electrode (Radiometer) connected to the PHM 73 and sulfide was determined with an Ag-Ag2S electrode (Vismann 1996) connected to an Ion analyzer (lon 85, Radiometer) using a calomel electrode as reference.
Experimental set-up: The incubation chamber (1 1) was filled with artificial seawater (32% S, 16"C), and , -W Recorder Sulltde stock solutton Fig. 1 Schematic view of the flow-through respirometer setup connected to different medium bottles and mixing chamber (MC) for respiration rate measurements at different p 0 2 and sulfide concentrations. AC = animal chamber, E = electronic unit. GM = gas mixing pump, pH = pH electrode, POS = polarographic oxygen sensors pH, oxygen and sulfide concentrations were continuously controlled by a computer (for further details see Vismann 1996). Experimental procedure: Worms were placed in 20 m1 vials covered with gauze (150 pm). For each sibling species 15 to 30 specimens were incubated in 3 vials (i.e. 5 to 10 specimens per vial). The worms were exposed for 12 h to different treatments (Table 2) and for 24 h to anoxia.
Succinate determination: At the end of each exposure the worms were removed from the incubation medium, quickly rinsed with demineralized water, blotted on a paper towel, weighed and frozen at -80°C. The frozen samples were homogenized in a 1 m1 glass microhomogenizer (Jencons, Bedfordshire, England) on ice with 150 p1 of 0.6 N perchloric acid. The homogenate was centrifuged (14 000 X g) for 15 min at 15°C and the supernatant neutralized in an ice bath with 5 N KOH. The precipitated potassium perchlorate was again centrifuged and the supernatant frozen at -20°C for storage. Succinate was determined photometrically according to the enzymatic method of Beutler (1985) . We used succinate and not lactate or opines as an indicator of anaerobiosis since it has been shown to be a sensitive indicator of mitochondrial anaerobic metabolism in other polychaetes, e.g. Arenicola manna (Schottler et al. 1984 , Volkel & Grieshaber 1992 and Hed.ste (Nereis) diversicolor (Schottler et al. 1984) , and in the oligochaete Tubificoides benedii, which is of comparable body size (Dubilier et al. 1994) .
Determination of reduced sulfur compounds: Sulfide and thiosulfate concentrations in the worms tissue were measured with the HPLC method (modified by Fahey & Newton 1987). Monobromobimane (mBBr) (Calbiochem, Giessen, Germany) forms fluorescent adducts with thiols such as sulfide and thiosulfate, which can be separated by reversed-phase HPLC.
At the end of each exposure the worms were removed from the incubation medium, quickly rinsed, blotted, weighed and homogenized on ice in 75 p1 buffer (50 mm01 1-' HEPES, 5 mm01 1-' EDTA, pH 8.0) with 75 p1 acetonitrile and 10 p1 mBBr (48 mm01 I-'). The samples were incubated in darkness for 15 min at room temperature and derivatization was stopped by adding 100 p1 methane sulfonic acid (65 mm01 1-l). The homogenate was stored at -80°C.
Chromatography was carried out at room temperature wi.th a Merck/Hitachi HPLC-System (L-6200 Intelligent Pump with LC Organizer; Merck, Darmstadt, Germany/Hitachi, Tokyo, Japan) using a reversedphase column (LiChroSpher 60, RP-select, Merck). The HPLC system was connected to a C-R1 A chromatopac integrator (Shimadzu, Tokyo), allowing online recordings and peak area calculations.
Statistical analysis. Results are given as mean values (X) with their standard deviation (SD). Statistical analysis was carried out on median survival time, respiration rates, succinate and tniole concentrations using the nonparametric U-test of Wilcoxon, Mann and Whitney (Sachs 1984) . Data are considered as significantly different when p 5 0.05.
RESULTS

Field
In the North Sea intertidal zone the vertical distribution of CapitelIa sp. S was markedly different from that of the large Capitella sp. L (Fig. 3) . From 95 to 100 U/o of the small Capitella sp. S occurred in the upper 0 to 3 cm of the sediment where sulfide concentrations never exceeded 20 pm01 1-', whereas 67 to 100 % of Capitella sp. L were found in the deeper sediment layers (3 to 9 cm) with anoxia and sulfide concentrations of up to 350 1.lmol I-'.
Laboratory
For comparison, morphological features (see Grassle & Grassle 1974 ) and life history in the 4 laboratory-cultured sibling species of Capitella are given in Table 3 . Capitella sp. S from the North Sea was the smallest sibling species, never exceeding a body length of 1.5 cm, whereas adults of Capitella sp. L could grow in culture up to 4.5 cm body length. No other differences in morphology among the 4 species were found in the present study. Differences in brood sizes and reproductive modes were, however, remarkable. Capitella sp. S was the only species producing benthic juvenile larvae, while the 3 other species had free-swimming trochophore larvae.
Tolerance to anoxia and sulfide
Comparison of the Capitella sibling species in survival rates under anoxia and anoxia plus high sulfide reveals species-specific differences (Fig. 4a-c) . At anoxia and at anoxia plus sulfide the median survival times of Capitella sp. S (LTSo, high sulfide: 28 k 11 h, n = 4) were significantly shorter than median survival times of Capitella sp. L (LT,,, high sulfide: 47 + 6 h, n = 4) and Capitella sp. I (LT,,, high sulfide: 65 + 6 h, n = 3), which was the most tolerant sibling species. 
Oxygen consumption
The standard respiration rates of the 4 Capitella sibling species at normoxia (21.0 kPa) are given in Table 4 and used as the 100% value in Fig. 5 .
In Capitella sp. S the oxygen consumption became successively reduced with declining ambient oxygen tensions (Fig. 5) . At high oxic levels (19.1 kPa and 16.8 kPa) the standard respiration rate of 11.95 k 1 86 pm01 O2 h-' g wwt was significantly reduced by 10 4 and 22 ? 6 % respectively At 9 5 kPa the presence of 100 pm01 1 ' sulfide caused a significant 78% reduction of oxygen consumption In Cap~tella sp L the oxygen consumption decreased below ambient oxygen tensions of 16 8 kPa The presence of 100 pm01 1-' sulfide led to a slight decrease of respirahon In contrast to CapiteLla sp S, CaplteLla sp L was able to malntaln its oxygen consumption between 12 6 and 6 3 kPa at a stable level Capltella sp M maintained a high oxygen consumption (70 ? 12 % of the standard respiration rate of 7 74 _t 1 86 pm01 O2 h-' g-I wwt) down to oxygen tensions as low as 2 l kPa Capjtella sp I mamtained ~t s oxygen consumption at a stable level at higher oxygen tensions A significant decrease was measured below ambient oxygen tensions of 8 42 kPa At constant oxygen tensions of 11 kPa the presence of more than 70 pm01 I-' sulfide reduced the oxygen consumption of Capitella sp. S (Fig. 6 ). At 7 kPa the oxygen consumption was significantly reduced at 30 pm01 1-' sulfide. This contrasts to results for Capitella sp. L, where at 11 and 7 kPa sulfide concentrations of up to 130 and 100 m01 1-' respectively had no effect on the oxygen consumption.
Succinate content in the tissues
In all Capitella sibling species internal succinate concentrations increased with decreasing ambient oxygen tensions and reached maximum values at anoxic conditions (Fig. 7) .
In Capitella sp. S succinate concentrations increased significantly In the presence of 20 and 100 pm01 1-' sulfide at 8.42 kPa. In contrast, in Capitella sp. L the presence of 20 pm01 I-' sulfide had no effect on succlnate levels, but 100 pm01 I-' sulfide led to increased succinate content in the worm. In Capitella sp. M neither 20 nor 100 pm01 I-' sulfide was sufficient to cause an increase in succinate levels. In Capitella sp. I at 8.42 kPa the presence of 20 m01 I-' sulfide also had no effect, but at hypoxia (0.4 kPa) 100 pm01 1-' sulfide led to increased succinate concentrations in this sibling species.
Sulfide and thiosulfate
Hypoxia (0.4 kPa) plus 100 pm01 1-' ambient sulflde concentrations produced an increase in internal sulfide concentratrons in all 4 Capltella species, compared to non-sulfidic conditions (Table 5 ). The presence of Thiosulfate concentrations in all 4 Capitella species increased when exposed to 100 pmol 1' ' sulfide and hypoxia, and the presence of oxygen under sulfidic conditions led to a further significant thiosulfate increase (Table 6 ) .
DISCUSSION Tolerance to anoxia and sulfide
The sibling species of Capitella capitata showed significant differences in their tolerance to anoxia and sulfide. Capitella sp. S from the upper intertidal sediments had the lowest tolerance to anoxia and sulfide, while the sympatric Capitella sp. L from the deeper sulfide-rich sediment layers was more tolerant. A sizedependent tolerance as found in Arenicola marina (Groenendaal 1980) does not exist, since the 'medium sized' Capitella sp. M from hydrothermal areas of Mi10s is much more tolerant (Gamenick et al. 1998 ) than the Capitella sibling species from the North Sea and the North Atlantic tested in this study. As described for 
Effects of oxygen depletion and sulfide on the aerobic metabolism
The patterns of p02-dependent respiration rates in response to changes in ambient oxygen tensions dlffer markedly among the 4 Capitella sibling species. Only the oxygen consumption of Capitella sp. S becomes successively reduced with declining oxygen tenslons. Due to this linear oxygen dependence of its respiration Table 6 . Mean (n = 3) lnternal thiosulfate concentrations (nmol g ' ~v w t ) of 4 Capltella slbling specles at normoxia, at 8.4 kPa p 0 2 with 100 pm01 1. ' sulfide and at 0 4 kPa p 0 2 with 100 pm01 1-' sulfide (Prosser 1973) . A similar oxyconforming pattern was reported by Warren (1984) for a non specified C. capitata population.
In contrast to Capitella sp. S, the 3 other Capitella sibling species can be characterized as oxyregulators (Prosser 1973) . They keep oxygen consumption p02-independent through increased ventilation over a range of ambient oxygen tensions and switch to oxyconformity below a critical oxygen tension (P,,) (e.g. Herreid 1980 ). To be a regulator and thus to keep an energetically more efficient aerobic ATP production as long as possible is of advantage for an organism (e.g. Hochachka & Somero 1984). However, speciesspecific differences in the regulation ability of the Capitella sibling species were found. According to Herreid (1980) , Capitella sp. L can be termed as a bad regulator because of its high P,, (16.8 kPa). Capitella sp. I, as a moderate regulator, is able to keep its oxygen consumption p02-independent above a P,, of ? kPa. In contrast, Capitella sp. M has an extremely low P,,of 2 kPa; it can be ternled as a good regulator, well adapted to fluctuating p02. Capitella sp. M maintains the energetically more efficient aerobic metabolism even at low oxygen tensions, whch is advantageous for the polychaete in the rigid habitat near the hydrothermal vents. The present study underlines once more that the dichotomous distinction between conformers and regulators is oversimplified; many exceptions and several transitions between 'perfect conformity' and 'perfect regulation' are known (Portner & Grieshaber 1993 .
Addition of sulfide leads to a decrease in respiration rate in both investigated North Sea species, due to inhibition of the key enzyme of aerobic respiration, cytochrome coxidase (Somero et al. 1989 , Bagannao & Vetter 1990 , Vismann 1991 . However, differences were found between these 2 sympatric species. At declining ambient oxygen tensions the presence of 100 pm01 1-' sulfide led to a significant reduction in respiration rate in the sensitive Capitella sp. S, whereas the tolerant Capitella sp. L maintained its oxygen uptake in these conditions. At lower oxygen levels, sulfide concentrations as low as 30 pm01 I-' inhibited aerobic pathways of Capitella sp. S. In contrast, the respiration rate of Capitella sp. L was not affected even at higher sulfide concentrations, underlining the adaptation of this sibling species to hypoxia and sulfidic conditions of its environment, the deeper sediments of the Wadden Sea.
Effects of oxygen depletion and sulfide on the anaerobic metabolism
With declining ambient oxygen tensions, internal succinate concentrations increased in the Capitella sibling species, indicating that decreased respiration rates were related to a successive onset of an anaerobic metabolism, not to reduced activity or ventilation rates. This phenomenon has also been described for other marine invertebrates, e.g. Sipunculus nudus (Portner 1982) , Arenicola marina (Volkel & Grieshaber 1992) , Hediste diversicolor (Schottler et al. 1984) , Halicryptus spinulosus (Oeschger 1990) and recently also for the small ostracod Cyprideis torosa from shallo\v sulfidic sediments of the Baltic Sea.
A sulfide-induced onset of anaerobic metabolism could be shown not only by respiration data but also by increased succinate levels in all Capitella sibling species. Differences among the sibling species were found with the North Sea Capitella sp. S being the most sensitive to sulfide. In this species, low sulfide concentrations of 20 pm01 1-' led to total anaerobiosis in the presence of moderate ambient oxygen tensions. In the more tolerant Capitella sp. L this could only be shown at sulfide concentrations of 100 pm01 1-'. In contrast, the same conditions did not elicit increased anaerobiosis in Capitella sp. M and in Capitella sp. I. In these 2 tolerant species the presence of sulfide only caused a n increase in anaerobiosis under hypoxic conditions.
The oxygen-dependent effect of sulfide on the metabolism (inhibition of aerobic pathways and onset of anaerobiosis) shown in this paper for the 4 Capitella species has also been described for other marine invertebrates, e.g. Sipunculus nudus (Volkel & Grieshaber 1992) , Arenicola marina (Volkel & Grieshaber 1992 , Hauschild 1996 , the oligochaete Tubificoides benedii (Dubilier et al. 1994 ) and thalassinidean crustacea (Johns et al. 1997) . Sulfide induced anaerobiosis in these species, even at normoxic conditions, and at lower ambient oxygen tensions much less sulfide was needed to give the same effect. Sulfide-dependent anaerobiosis has been discussed as being an adaptation to sulfidic habitats (Grieshaber et al. 1992 , Oeschger & Vetter 1992 . Comparing different marine invertebrates (exposed to the same oxygen conditions), very different sulfide concentrations inhibit aerobic metabolism (e.g. Oeschger & Vetter 1992, Dubilier et al. 1994 , Volkel & Grieshaber 1994 . As shown in the 4 Capitella species the defense systems against sulfide toxicity which prevent inhibition of aerobic metabolism are species-specific. Indeed, several comparative studies on marine invertebrates have shown marked differences in the ability to detoxify sulfide (Vetter et al. 1987 , Bagarinao & Vetter 1990 , Vismann 1990 , Levitt & Arp 1991 , Volkel & Grieshaber 1992 .
The onset of anaerobiosis in Capitella sp. L at oxygen levels of 7 kPa (Fig. ?b) , while oxygen consumption is not reduced (Fig. 6b) , could indicate that oxygen is used for sulfide oxidation (e.g. Grieshaber & Volkel 1998) as shown in increased internal thiosulfate levels (see below). Thus, in contrast to Capitella sp. S, aerobic metabolism is not inhibited under these conditions. Recently Volkel & Grieshaber (1996) showed that the sulfide-tolerant lugworm Arenicola manna is able to oxidize sulfide even under high sulfidic conditions vla an alternative sulfide-insensitive terminal oxidase. One could discuss that Capitella sp. L might also have such an alternative oxidase to survive sulfidic conditions. The 4 Capitella species were unable to prevent the diffusion of sulfide into the body but were able to oxidize it to thiosulfate if oxygen was available. This oxidative step has been interpreted as an adaptation in several animals from sulfidic habitats (for reviews see Somero et al. 1989 , Vismann 1991 , Bagarinao 1992 , Grieshaber & Volkel 1998 . The occurrence of internal succinate, sulfide and thiosulfate in all Capitella species in the control at normoxia is probably due to the fact that the worms were kept in culture tanks with sediment. Here, they were exposed to hypoxia and sulfide in deeper sediment layers despite aeration of the tank. To remove the worms from sediment prior to experiments for a longer time period was not possible because of starvation symptoms.
The differentiation of the 4 Capitella sibling species is much more pronounced on a n ecophysiological level than on the morphological level, reflecting the degree of 'sulfide stress' experienced in the natural habitat. This is in addition to different general protein patterns (Gamenick et al. 1998 ) and reproduction modes (see Table 3 ).
This study demonstrates that genetically fixed ecophysiological differences occur within the Capitella capitata complex. Our results are consistent with the conception that abiotic stress-for example hypoxia and/or sulfide-can be a driving force of genetic differentiation, resulting 1.n. physiological divergence. Hence, C. capitata is an ecophysiologically much more diverse species complex than has previously been recogn~zed. Thus, the unreflected and summative use of C. capitata as an indicator species for disturbed and polluted environments must be questioned. Schottler 
